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Abstract Magnetic holes (MHs), characteristic structures where the magnetic ﬁeld magnitude decreases
signiﬁcantly, have been frequently observed in space plasmas. Particularly, small size magnetic holes (SSMHs)
which the scale is less than or close to the proton gyroradius are recently detected in the magnetospheric
plasma sheet. In this study of Cluster observations, by the timing method, the minimum directional difference
(MDD) method, and the spatiotemporal difference (STD) method, we obtain the propagation velocity of SSMHs
in the plasma ﬂow frame. Furthermore, based on electronmagnetohydrodynamics (EMHD) theory we calculate
the velocity, width, and depth of the electron solitary wave and compare it to SSMH observations. The result
shows a good accord between the theory and the observation.
1. Introduction
Magnetic holes (MHs), structures of a signiﬁcant magnetic ﬁeld magnitude decrease, have been widely
observed in space plasmas [e.g., Turner et al., 1977; Winterhalter et al., 1994; Tsurutani et al., 2009; Shi et al.,
2009a; Xiao et al., 2010; Sun et al., 2012]. Previous studies have associated MHs, detected in the solar wind
and in the planetary magnetosheath/cusp, with mirror instabilities [e.g., Kaufmann et al., 1970; Tsurutani
et al., 1982; Southwood and Kivelson, 1993; Fazakerley and Southwood, 1994; Chisham et al., 1999; Horbury
et al., 2004; Joy et al., 2006; Zhang et al., 2008, 2009; Shi et al., 2009a; Xiao et al., 2010, 2011, 2014]. However, there
are still several candidates for MHs formation, such as soliton waves [Baumgärtel, 1999; Stasiewicz, 2004] and
sheet-like equilibrium structures [Burlaga and Lemaire, 1978]. The wide scale range of MHs, from several to
thousands of ion gyroradius, accompanied by different background plasma features, strongly indicates that
the structures are formed by various mechanisms; and thus, alternative approaches are required [Tsurutani
et al., 2011].
Small size magnetic holes (SSMHs), also in the name of “subproton-scale magnetic holes” [Sundberg et al.,
2015] are structures with a scale less than, or close to, the proton gyroradius. In recent years, this kind of struc-
tures has been frequently observed by the Time History of Events and Macroscale Interactions during
Substorms and the Cluster satellites in the magnetospheric plasma sheet [Ge et al., 2011; Sun et al., 2012].
SSMHs reported by Ge et al. [2011] were found to be quite different from those reported by Sun et al.
[2012]. The former were detected in a perturbed magnetotail, and the latter were more frequently observed
in a quiet magnetotail. The tearing structure was suggested by Balikhin et al. [2012] to account for the
observation of Ge et al. [2011], and the electron solitary wave [Ji et al., 2014] was proposed for the mechanism
of SSMHs observed by Sun et al. [2012]. By including the anisotropy of the electron pressure tensor to take
the Biermann battery effect into account [Biermann, 1950], a Korteweg-deVries equation in modiﬁed electron
magnetohydrodynamics (EMHD) was developed to obtain the solution of the one-dimensional (1-D)
slow-mode soliton [Ji et al., 2014]. The solution showed a good agreement with the observation of Sun
et al. [2012]. Sundberg et al. [2015] further discussed various possible generation mechanisms of SSMHs in
the plasma sheet, including ion or electron mirror modes and ﬁeld-swelling instabilities [e.g., Basu and
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Coppi, 1982; Gary and Karimabadi, 2006; Pokhotelov et al., 2013], tearing modes [Balikhin et al., 2012], electron
vortices [Haynes et al., 2015], and solitary waves [e.g., Baumgärtel, 1999; Stasiewicz et al., 2003; Stasiewicz,
2004; Ji et al., 2014], and suggested the tearing mode, the electron vortex, and the solitary waves were
candidates for the SSMHs formation in the plasma sheet.
In this article, we further report observations of a series of SSMHs propagating in the plasma sheet. The
timing method [Russell et al., 1983], the minimum directional difference (MDD) method [Shi et al., 2005],
and the spatiotemporal difference (STD) method [Shi et al., 2006] are used to calculate the velocity of
SSMHs. Also, based on the EMHD model of Ji et al. [2014], we calculate the velocity of the 1-D slow-mode
electron solitary wave and compare it with the velocity of SSMHs in the plasma sheet. The layout of the
paper is as follows. We ﬁrst introduce the data set and analysis methods in section 2 and then calculate
the velocity of SSMHs with the different methods in section 3. A comparison between the theory and
the SSMHs velocity data in the plasma sheet is shown in section 4. The paper is summarized then in
section 5.
2. Data Analysis and Methods
2.1. Event Selection
We use the Fluxgate Magnetometer (FGM) [Balogh et al., 2001] instrument on board all four Cluster space-
craft to obtain high-resolution magnetic ﬁeld data (5 samples per second). We also use the Hot Ion
Analyzer (HIA) of the Cluster Ion Spectrometry (CIS) instrument [Rème et al., 2001] on board Cluster C1
to obtain velocity data of a 4 s resolution, and the Plasma Electron and Current Experiment (PEACE)
[Johnstone et al., 1997] instrument on board Cluster C1–C4 to obtain electron density data (0.25 samples
per second).
All SSMHs studied herein are selected from Sun et al. [2012] of 72 events observed by Cluster and identiﬁed in
the procedure of Zhang et al. [2008] with Bmin/B ≤ 0.75, ω ≤ 15°, where Bmin and B are, respectively, the mini-
mum and average magnetic ﬁeld magnitudes within a sliding window of 300 s, and ω is the angle between
the starting and ending vectors closest to the two MH boundaries, indicating the direction change of the
magnetic ﬁeld over the event. Here the boundary is considered as the edge where magnetic ﬁeld intensity
begins to decrease to (B δ) (δ is the standard deviation of magnetic ﬁeld in the 300 s window). The 72 events
can be sorted into two classes [Ji, 2015]. The criteria for class I are the following: (1) the structure is detected
by at least three satellites, and (2) at least three spacecraft are in the plane perpendicular to themagnetic ﬁeld
maximum variation direction. In the 72 events, 39 satisfy the above criteria. The other 33 events are then
sorted as class II. The class I MHs can further sorted into two groups: 1-D structures (16 events) and other
structures (23 events). The identiﬁcation of 1-D structures can be described as follows: (1) all four Cluster
spacecraft (C1–C4) must detect a magnetic ﬁeld dip; (2) for such a structure, if (bmax bmin)/bmax ≤ 30%, it
is then considered as 1-D, where bmax and bmin are, respectively, the maximum and minimum among the
individual minimum magnetic ﬁeld reading of each Cluster spacecraft. It is well known that the timing
method (introduced in section 2.2) works well for 1-D structures. However, the accuracy of the results strongly
depends on the proﬁle of the observed magnetic ﬁeld [Russell et al., 1983]. Thus, the identiﬁcation of 1-D
structures should be done more carefully. The ideal situation is that the 1-D MH magnetic ﬁeld signatures
have the same shape and depth for all four spacecraft, showing clear boundaries (observed by the four space-
craft at respective moments). With this requirement, ten 1-D events (from July 2003 to October 2003,
observed in the nightside central plasma sheet) are selected and then investigated in detail in this article.
The process of event selection is shown in Figure 1.
2.2. Timing Method
The timing method [see Russell et al., 1983; Paschmann et al., 1998] has a wide applicability in practice. It has
been used to determine the normal direction and velocity of the bow shock and interplanetary shocks [e.g.,
Russell et al., 1983; Schwartz, 1998]. The Cluster mission makes it possible to determine the normal direction
and velocity of the boundary of MHs where sharp changes in the magnitude of the magnetic ﬁeld are
observed. Knetter et al. [2004] investigated discontinuities in the solar wind by using multipoint Cluster data.
A useful method for determining the error of the timing method was also presented in Knetter et al. [2004]
and Knetter [2005]. In this study, a similar method is used to calculate the velocity and normal direction of
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the boundary of MHs from Cluster magnetic ﬁeld measurements. The basic equation of timing analysis is
as follows:
U ti  tj
  ¼ ri  rj ·n: (1)
Here n and U are the unit normal vector of the MH boundary and the velocity along the normal direction,
respectively. And |ri rj| is the distance between two spacecraft (i and j) observing the same boundary of
an MH (other parameters, e.g., density, temperature, ﬂux etc. can also be used), as seen in the magnetic ﬁeld
data in this article. If a structure ﬁrst encounters C1, and then C2–C4, we consider C1 as the reference satellite,
and then the interspacecraft distance |r1 rj| and the corresponding time intervalΔt= t1 tj between C1 and
the other three spacecraft can be obtained. By solving the system of equation (1) for all four spacecraft pairs,
we obtain U and n. The uncertainty of U comes from errors in time delays and distances between different
spacecraft pairs. Since the position has much higher precision, the uncertainty in the relative timing is thus
the main error source. An empirical range of the timing error, δt= 0.1Δt, was used in Knetter et al. [2004].
Different shapes of the magnetic ﬁeld magnitude curves can also contribute uncertainty to the results.
One can deﬁne an interval [Δtδt, Δt+δt] and mark 11 equidistant samples in it [Knetter, 2005]. Therefore
Δt is extended to a vector, e.g., Δt  δt; Δt  45 δt; Δt  35 δt; Δt  25 δt; Δt  15 δt;

Δt; Δt þ 15 δt; Δt þ 25 δt;
Δt þ 35 δt; Δt þ 45 δt; Δt þ δt. As four spacecraft (three spacecraft pairs) determine three relative time inter-
vals, a total of 113 combinations of time intervals can be produced. By solving the set of equation (1), 113 velo-
cities and normal directions can be obtained. According to the result, the mean propagation velocity and
normal direction can be calculated and the standard deviations are regarded as the uncertainty of the timing
velocity. An explicit example is shown in subsection 3.1.
2.3. Time-Varying Dimensionality and Velocity Determination Methods: MDD and STD
Theminimum directional derivative (MDD) method [Shi et al., 2005] has been widely used to determine the struc-
tural dimensionality and the principal directions by calculating the eigenvalues and eigenvectors of L ¼ ∇ B→
 
∇ B
→ T
, where T denotes transpose by using multipoint data [e.g., Shi et al., 2009a, 2009b, 2013; Denton et al.,
2010, 2012; Sun et al., 2010; Wendel and Adrian, 2013]. This method provides three normal orientations,
respectively, corresponding to the direction of maximum, minimum, and intermediate magnetic ﬁeld varia-
tions. Previous studies show that this method is effective and useful for obtaining the normal axis orientation
of 1-D structures such as discontinuities or determining the invariant directions for 2-D structures such as ﬂux
tubes [Shi et al., 2005]. One of the notable points is that the method calculates the direction temporally and
makes it possible to study the evolution of the principal direction.
Figure 1. Selection process for events observed in 2003. Six examples are plotted, with the black, red, green, and blue
curves for magnetic ﬁeld magnitudes observed by four Cluster spacecraft, respectively.
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Furthermore, with the spatial-temporal difference (STD) method [Shi et al., 2006] one can calculate the
velocity of quasi-stationary structures from multipoint data measurements of the magnetic ﬁeld temporally
by solving the equation of ∂B
→
∂t þ V
→
str
·∇ B
→¼ 0, whereV→
str
is the velocity of the structure in the satellite reference frame,
B
→
is the magnetic ﬁeld, and t is the time. The solution is obtained and projected onto the maximum and inter-
mediate directions from the MDDmethod. Therefore, a velocity vector in the maximum and intermediate direc-
tions can be obtained. The advantage of the STDmethod is that, whatever the dimensionality of the structure is,
the velocity can be calculated directly. Similar to the MDDmethod, the temporal variation of the velocity can be
studied with the STD method due to the relative motion of the structures with respect to the spacecraft.
3. Propagating Properties of SSMHs
In section 3, the velocity vectors of the selected SSMHs are calculated by the timing method. Since this method
can only be applied to 1-D structures, the MDD method is used to examine the dimensionality of the SSMHs.
Thereafter, the normal direction and the velocity of the SSMHs are obtained again by theMDD and STDmethods,
respectively. We compare the results from the timing, and the MDD and STDmethods at the end of this section.
3.1. Timing Analysis
We ﬁrst calculate the timing velocity for the selected SSMHs in the satellite frame and in the plasma ﬂow
frame, respectively. The velocity in the plasma ﬂow frame, Up, is obtained by
Up ¼ U V
→  n→ : (2)
Here U is the timing velocity obtained by equation (1) from magnetic ﬁeld data, and V
→
is the background
plasma ﬂow velocity obtained as a 1min average from CIS-HIA ion moments. The GSE coordinate system is
used. If the error bar of the resulting Up crosses zero, we consider this event to be “frozen” in the plasma ﬂow
since it is very likely that Up = 0. And in the other case, if Up is far from zero, we conclude that the MH is
propagating relative to the plasma ﬂow. On the basis of equation (2), we provide a comprehensive uncer-
tainty analysis. The uncertainty of Up comes from U, V
→
, and n
→
. We consider a CIS-HIA instrument uncertainty
of 10% in the magnitude ofV
→
and 5° in the velocity direction [Rème et al., 2001]. Using these estimates we can
calculate the resulting uncertainty in calculating Up.
Figure 2 shows an explicit example of the timing calculations for one of the 10 selected 1-D SSMHs, with
Figures 2a and 2e for a signiﬁcant drop in the magnetic ﬁeld magnitude from about 3.0 nT to 0.5 nT (in about
10 s for the leading boundary). Figures 2a–2d are for the leading boundary, and Figures 2e–2h are for the trail-
ing. The four horizontal lines represent four different selected cuts chosen to calculate the timing velocity.
Namely, we calculate the timing velocity at those four different positions. In Figure 2b, the average velocity
of the leading boundary in the satellite frame is 66.6 km/s and the average standard deviation is σ = 3.8 km/s,
where the averages are taken over U1–U4 and σ1–σ4, respectively. From Figures 2c and 2d, we can see that
the mean velocity of the leading boundary in the plasma ﬂow frame is Up = (30.9 ± 5.2) km/s along the normal
n
→
= (0.08,0.65,0.75). The average background plasma ﬂow velocity in GSE is (22, 0.5,46) km/s during the
time interval 22:14:48 to 22:15:48. Figures 2e–2h are for the trailing boundary. In the plasma ﬂow frame of
trailing boundary, propagation speed is (39.2 ± 5.5) km/s along the normal n
→
= (0.06, 0.76, 0.65) with an
uncertainty of 6°. To ensure the reliability, different components and resolutions of magnetic ﬁeld data are
used in calculating the timing velocity. The results show a good agreement with that in Figure 2. The velocity
in the plasma frame is nonzero, clearly demonstrating a structure propagation in the plasma ﬂow frame. Also,
among the 10 events well suited for the timing method, there are 8 such SSMHs propagation events. And a
statistical work is shown as follows in subsection 3.3 and section 4 with the possible mechanism is discussed.
3.2. MDD and STD Analysis
The MDD and STD methods are also used to calculate the timing velocity and the normal in this study. As we
mentioned, theMDDmethod can analyze the dimensionality character of observed structures. The technique
provides three directions of maximum, minimum, and intermediate variations in the magnetic ﬁeld. With the
STD method the velocity of the observed structure can be calculated. Using the MDD and STD methods on
Journal of Geophysical Research: Space Physics 10.1002/2016JA022741
YAO ET AL. PROPAGATION OF MAGNETIC HOLES 5513
the example in Figure 2, we obtain results shown in Figure 3. For the dimensionality, the MDD method
suggests that a structure can be considered quasi-1D if λ1>> λ2 and λ3, where λ1 is the eigenvalue for the
direction of maximum variation of the magnetic ﬁeld and therefore also the normal of the MH boundary.
For the leading boundary from 22:15:51 to 22:15:56, the blue region in Figure 3, we ﬁnd that λ1>> λ2 and
λ3 with an average ratio of λ1, λ2, and λ3 as 84:13:1. Similarly, the average ratio of the three eigenvalues for
Figure 3. (a) Cluster (C1–C4) observations of the magnetic ﬁeld in GSE coordinates; (b) eigenvalues λ1, λ2, and λ3; (c) the
maximum derivative direction of the magnetic ﬁeld calculated at every moment; and (d) velocities along the maximum
direction calculated at every moment. The data in the blue and yellow regions are used to calculate the average λ, n1, and
velocities of the leading and trailing boundaries, respectively.
Figure 2. Timing analysis for a representative event: The timing analysis results for the (a–d) leading and (e–h) trailing boundaries, respectively. The horizontal
color lines in Figures 2a and 2e are for the moments when the four spacecraft cross the event, corresponding to the histogram of the same color in Figures 2b–2d
and 2f–2h. Themagnetic ﬁeld in GSE coordinates (Figures 2a and 2e). Histograms of the velocities in the satellite frame, with U1–U4 are the average velocities and σ1–σ4
are their standard deviations (Figures 2b and 2f). The vertical axis is the percentage of all the 113 values in each bin for one calculation. Histograms of the velocities in the
plasma ﬂow frame (Figures 2c and 2g). Histograms of angles between any two normal vectors (Figures 2d and 2h).
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the trailing boundary (the yellow region) is 96:6:1. Thus, this event can be regarded as a quasi-1D structure
with the validity of the timing method.
Figures 3c and 3d show the maximum variation direction n1 and the structure velocity along n1. The mean
direction and velocity of leading and trailing boundaries over these periods are nL = (0.07, 0.62, 0.78),
UL = 61.2 km/s, nT = (0.09, 0.77, 0.63), and UT = 57.2 km/s, respectively. The results show a good agree-
ment with the timing results above. We also project the leading boundary velocity vector (obtained from
the MDD and STD methods) onto the trailing boundary velocity vector and ﬁnd the difference between
the two is less than 5 km/s. Thus, the event in Figure 3 can be considered a “stable” structure as deﬁned
in Xiao et al. [2015].
By combining the results of the MDD and STDmethods with the background plasma ﬂow used for the timing
results, we obtain the propagating velocity in the plasma ﬂow for the example event, 30.3 km/s and 34.3 km/s
of the leading and trailing boundaries, respectively.
3.3. Statistical Results
In Figure 4 the velocity magnitude and direction in the spacecraft reference frame in the GSE-XY and GSE-XZ
planes are shown by the timing, MDD, and STD analysis for the 10 quasi-1D events. We ﬁnd that the timing
analysis accord well with the MDD and STD results in the GSE-XY plane with the difference between the
obtained normal directions is less than 5°. Also in the GSE-XZ plane, most results agree well with each other,
except for three events where the normal directions have a small deviation (mark as “1, 2, and 3”) of <7°.
Therefore, the timing analysis is in agreement with the MDD and STD results for the majority of the events.
In addition, we ﬁnd that the events have a propagation velocity toward to the Earth in the spacecraft
reference frame. This will be a topic of future studies.
4. Possible Mechanisms
Tsurutani et al. [2011] suggested alternative approaches rather than the mirror mode for the generation
mechanism of magnetic dips. Indeed, for the 1-D events investigated in this study, we ﬁnd them in a mirror
stable environment [Sun et al., 2012]. We also check the spatial scale of the events by multiplying the observed
duration and the timing velocity. We ﬁnd that the scale size of these magnetic holes is less than or close to the
proton Larmor radii (ρi) (from 0.3 ρi to 1.5 ρi). The physical mechanism of themirror-mode instability is based on
the adiabatic reﬂection of particles in a temporally varied nonuniformmagnetic ﬁeld background; and thus, the
scale of the unstable mirror mode should substantially exceed the ion gyroradius. Therefore, it is not appropri-
ate for explaining small-scale structures. For 2-D SSMHs, their formation is primarily associated with other
mechanisms, such as electron vortices [Haynes et al., 2015]. In addition, a tearing mode mechanism has been
Figure 4. Timing, MDD, and STD analysis results with azure squares and black asterisks corresponding to the timing and
MDD+ STD analysis, respectively. The results in the (a) GSE XY and (b) GSE XZ planes, with the radius for the velocity
magnitude and the positioning angles for the velocity direction. Error bars are from the timing analysis. Three events have a
small deviation are marked as “1, 2, and 3”. To make the blue error bars clearer, they are shown 5 times of the real values.
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used to explain the events observed in an
active magnetotail. Balikhin et al. [2012] have
suggested that in an active magnetotail a
localized region of the cross-tail current sheet
could become unstable and exciting tearing
mode instability, which could explain the
events reported by Ge et al. [2011]. However,
the events studied in the present study were
measured during quiet geomagnetic condi-
tions. Hence, the tearing mode does not
adapt to explain these observations. On the
other hand, nonlinear kinetic Alfvén waves
(KAW) can also produce substantial localized
magnetic disturbances with a transverse scale
of the ion gyroradius. However, comparing
the local Alfvén speed with the MH propaga-
tion velocity in the events studied, we ﬁnd
an order of magnitude difference between
them. Particularly, for the typical KAW with a
signiﬁcant kperp (the transverse scale) effect,
e.g., a parallel phase velocity about 50%
higher than the local Alfvén speed
[Baumjohann and Treumann, 1996], the KAW
phase velocities are 12–23 times higher than
the propagating velocity of MHs.
Furthermore, it is found that the magnetic
ﬁeld perturbations of these MHs are in the
direction parallel, not transverse, to the back-
ground magnetic ﬁeld (Bbg) and propagate
perpendicularly to Bbg. Take the case in
Figure 1, for example, the angle between the
total magnetic ﬁeld perturbation (~80% of
Bbg) and Bbg is about 170°, and the angle
between the propagating velocities and Bbg
is about 99°. These features are inconsistent
with the nonlinear KAW.
Also, the slow-mode electron solitary wave
can be considered a possible candidate for
the generation of 1-D SSMHs. Based on Ji
et al. [2014], we use Cluster PEACE data to
estimate the velocity of SSMHs by the solitary
Figure 5. (a) Electron solitary wave velocity in
EMHD model versus SSMHs propagating velocity
calculated in the background plasma ﬂow frame.
The horizontal axis denotes the timing/MDD + STD
velocity in the plasma ﬂow frame, while the vertical
axis represents the electron solitary wave velocity
by the theoretical model with its typical parameters
from data average. (b) The observed size of MHs in
comparison with calculated soliton widths. (c) The
observed depth of MHs in comparison with calcu-
lated values. The equality line is marked by the
dash-dotted line, and three off ﬁt events are
marked as 1, 2, and 3.
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wave velocity of deVAeKN, where de is the electron skin depth, VAe is the electron Alfvén velocity, and KN is the
typical variation length of the electron density [Ji et al., 2014]. The calculation process is as follows for an
example event detected by Cluster in the period of 14:30:50 UT to 14:31:10 UT in July 2003, with
de = 64.31 km, VAe = 342 km/s, and KN= (9.26, 9.25, 12.2) 104 km1. Applying the typical parameters
of ne = 0.27 cm
3 and Bt = 8.1 nT, the background electron number density and magnetic ﬁeld magnitude
averaged over C1–C4 data over 1min, we can obtain de and VAe. We also use Gne = (2.5, 2.4, 3.3)
104 cm3/km to obtain KN, where Gne is the 1min average electron density gradient calculated by the posi-
tion and electron number density differences between C1 and C4. Then the electron solitary wave velocity is
calculated 39.0 km/s for this event. We compare this result with the timing and MDD and STD analysis of
44.1 km/s and 46.2 km/s, respectively, and ﬁnd that they are in a good agreement.
Figure 5a shows a comparison between the theoretical estimate of the electron solitary wave velocity and the
observed velocity (from the timing, MDD, and STD methods) of SSMHs in the background plasma ﬂow for all
10 events we selected. If the error bar for an event goes through or approaches to the vertical axis, we
consider that this event may be frozen in the plasma ﬂow. Thus, in this ﬁgure we can see eight events are
propagating in the plasma ﬂow frame and two events may be frozen in it. There is only a single event,
however, with a large error, possibly due to the fact that this event is observed within a high speed plasma
ﬂow (300–350 km/s).
As we know, mirror modes are nonpropagating structures in the space plasma environment [e.g., Hasegawa,
1969; Southwood and Kivelson, 1993]. Therefore, these propagating events in this paper are clearly different
from the mirror modes. From Figure 5a we ﬁnd a good agreement between the electron solitary wave velo-
city and the SSMHs propagation in the background plasma ﬂow obtained with the timing, MDD, and STD
methods. Also, the velocity of the soliton is related with its amplitude and size. Ji et al. [2014] and Li et al.
[2016] have calculated the depth and width from the propagating velocity by EMHD solitary wave model
and found the results are in agreements with the observations. Here we again analyze the event in the period
of 14:30:50 UT to 14:31:10 UT in July 2003 to show the relation between the observedmagnetic holes and the
electron solitary waves. In the event, the depth of the MH is D≈ 49%, and the MH scale is L= 600 km≈ 9 de. By
using the soliton solution in Ji et al. [2014], equation (15), or Li et al. [2016], equation (5), we obtain the soliton
width L ¼ 2de
ﬃﬃﬃﬃﬃﬃﬃﬃeV
V0eV
r
and depth D= 3(V0 eV ), where V0 and eV are the observed propagating velocity and
slow-mode velocity normalized by deVAeKN, respectively. Then we get the theoretical soliton depth
D≈ 40% and L≈ 5.6 de with V0 = 1.13 and eV = 1. This indicates the theoretical depth and width of a soliton
are on the same order with the observed magnetic hole. In Figures 5b and 5c, the observed width and depth
of the 10 discussed MHs are compared with the calculated results by substituting the observed parameters,
de, V0, and eV into the EMHD soliton width L ¼ 2de
ﬃﬃﬃﬃﬃﬃﬃﬃeV
V0eV
r
and depth D= 3(V0 eV ). It is found that there are
seven events in which the results match each other well. They are clearly EMHD solitons. The other three
events with an off ﬁt are marked as 1, 2, and 3, due to a fast MH velocity (almost twice the theoretical predic-
tion as shown in Figure 5a) for Event 1 and bigger observed MH widths in Events 2 and 3. Even for the off
cases, the width is ﬁtted well for Event 1 while the depth is ﬁtted well for Events 2 and 3. Therefore, the
EMHD soliton wave is very likely a possible candidate for the formation of these propagating MHs. Thus,
we suggest that the electron solitary wave is a possible mechanism for generating these propagating events.
Still, more work should be done to study it furthermore.
5. Summary
We have calculated the velocity of SSMHs detected by Cluster (C1–C4) in the plasma sheet from July 2003 to
October 2003. The timing, MDD, and STDmethods are used to determine the normal direction and velocity of
the structures in the satellite frame. Based on the results, the velocity of the SSMHs in the background plasma
ﬂow frame has been obtained. Also, several measures have been done to ensure the results as shown in
section 2 and 3. It is found that 8 of the 10 events are clearly propagating SSMHs in the plasma ﬂow. By
the model of Ji et al. [2014], we calculate the solitary wave velocity, width, and depth from Cluster data; 7
of the 10 events are in a good agreement with the observations of SSMHs. Therefore, we suggest that the
electron solitary wave should be a possible mechanism for SSMHs.
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